The water balance and the upper limit of osmotic tolerance of premetamorphic Rhinella arenarum larvae (Gosner's stage 26) was evaluated after semistatic incubation in electrolyte (NaCl) and non-electrolyte (mannitol) media following a protocol of progressively increased osmotic pressure. Wet and dry weights were measured to calculate the water content as a derived variable indicative of the hydric balance. Statistical analysis was performed using univariate and integrated multivariate analysis. Tadpoles survived in electrolyte and non-electrolyte solutions up to 200 mOsm. The discriminant function was the best tool to describe the responses of the animals to external environmental stress under experimental conditions. The results were compared with those obtained in previous studies using a protocol of acute exposure to the same media used in this study. It was concluded that a) multivariate analysis is an appropriate approach to describe the responses of tadpoles to changes in the environmental physicochemical parameters, and b) progressive and acute acclimation to the experimental solutions induced similar responses.
Introduction
Although amphibians are among the most sensitive anamniotes to changes in the external medium, they were able to colonise a wide range of habitats in different environments (Duellman and Trueb, 1994) . Most amphibians develop in freshwater and face the risk of exposure to extreme osmotic variations in the external environment, which results in either the dilution or concentration of their milieu interieur. The high water permeability of the skin makes them more vulnerable to environmental osmotic stress than other groups (Boutilier regardless of the type of solute in the external solution and the density of organisms in the incubation media. The integrated analysis of the results indicated that larval responses and the measured water balance parameters differed according to the chemical composition of the incubation medium, i.e. electrolyte or non-electrolyte, suggesting the existence of different compensatory mechanisms probably linked to the presence or absence of Na + in the media (Ferrari, 1997) . In an attempt to complete those studies, the objective of the research presented here was to investigate if the tolerance range of anuran larvae to osmotic stress may be expanded by a treatment of graduated increase in osmolarity.
Materials and Methods

Animal breeding
The test organisms were obtained by in vitro oocyte fertilisation. Embryos were incubated in 10% Holtfreter's solution (Hamburger, 1969) . At the developmental stage 25 (Gosner, 1960) , animals were transferred to artificial pond water (APW) of 5 mOsm of the following composition (in mM): NaCl, 1.3; CaCl 2 , 0.8; KCl, 0.1 and NaCO 3 H, 0.2. Tadpoles were kept at laboratory temperature (18-22 °C) and fed daily, ad libitum, with ground commercial fish food; APW was renewed daily. The assays were performed with tadpoles at stage 26 (Gosner, 1960) .
Experimental design
The experimental protocol is shown in Figure 1 . Prior to the beginning of the experiment, tadpoles were Shoemaker, 1992) . Thus, both the salinity of the external medium and the capacity of amphibians to overcome water stress secondary to dehydrating conditions, become critical factors of natural selection, especially during the early larval stages in which the physiological mechanisms are not fully developed and may affect their fitness in terms of survival, development and growth rate (Burggren, 2005) . In tadpoles, tolerance to extreme osmolarity conditions is asymmetrical; they can survive in diluted media or even in distilled water for long periods of time (Salibián, 1977; Zamorano and Salibián, 1994) , whereas their tolerance to concentrated electrolyte solutions is near the osmotic pressure limit of the extracellular medium (Schrock and Hanke, 1979) by means of adaptive adjustment mechanisms (Balinsky, 1981; Gasser and Miller, 1986; Padhye and Ghate, 1992; Warburg and Rosenberg, 1990) .
Rhinella arenarum is widely distributed in Argentina, Uruguay, Bolivia and the south of Brazil (Frost et al., 2006) . It is found in arid and humid regions and occurs in habitats as diverse as low forests, steppes and grasslands (Cei, 1980; Lavilla and Cei, 2001; Williams, 1991) , suggesting a remarkable physiological plasticity. In previous papers we have shown that the acute transfer of R. arenarum tadpoles (Gosner stage 26) into solutions of different osmolarities has no effect on their survival rate within a wide range, from distilled water to 204 mOsm Ferrari, 1997) . In another series of experiments (Ferrari, 1998) , it was found that the mortality rate augmented as the osmotic pressure of the incubation media increased; the 96 hours mean lethal osmolarity ranged between 228.7 and 235.3 mOsm s imagens) "GRAY SCALE" adrão da paleta symbol. quando não. variable (ww, dw, wc and H) using one-way ANOVA followed by Tukey's test. The covariation over time was included, to analyse the effect of treatments on each variable, The Shapiro-Wilk test and the Levene median test were used to assess normality and homogeneity of variance of data, respectively (Zar, 1999) . Statistical analyses were performed using the Infostat software.
A canonical discriminant analysis (CDA, Hair et al, 1995) was used to evaluate the integrated response of larvae to osmotic stress and to compare it with that obtained in previous studies under acute exposure conditions. It was conducted using the BMDP package. For all tests, the null hypothesis was rejected when p < 0.05.
Results
The mean ± ESM of ww, dw, wc and H obtained for each experimental condition up to 96 hours of exposure and the results of the corresponding Tukey comparisons are shown in Figure 2 . Statistically significant differences over time were observed for ww and dw in both control and experimental media (Figure 2a and b) . This response in APW can be explained by the significant decline in ww and dw, particularly at the end of the assay period and could be due to the fasting condition of the animals. Although a significantly decreasing trend in ww with increasing osmolarity and time of exposure was observed for both the control and the experimental media, the response of this variable differed among them.
Dry weight showed a biphasic response: an increase above a concentration of 204 mOsm (48-72 hours of exposure time) in NaCl and MAN, with no significant differences between treatments. On the contrary, the response of the derived parameters (wc and H) remained stable in the control (APW-5mOsm) throughout the test and differed significantly from the two experimental media, which, in turn, differed between themselves (Figure 2c and d). A significant decrease was observed in accommodated in glass containers and acclimated for 48 hours in APW, in an incubation chamber at 20 ± 1 °C and a 12/12 hours light/dark photoperiod. Three series with one hundred tadpoles each were run in duplicate [controls (APW), electrolyte (NaCl) and non-electrolyte solutions (D-mannitol; MAN)], and incubated for 120 hours. The sequence of graduated exposure of larvae to these solutions with increasing osmolarity is presented in Table 1 . Osmolarities were checked with a Fiske osmometer. Animals were placed in covered containers to minimise evaporative water loss. During the experiments, animals were kept unfed and maintained under the same temperature and photoperiod conditions of the acclimation period. Incubation media were changed daily. A ratio of 1 tadpole per 4 mL was kept constant throughout the experiment, (see Ferrari, 1998) .
Animal sampling
Two sets of four tadpoles each (sampling unit) were randomly selected from each replicate at 24 hours intervals. One sample representative of the initial condition (APW 5 mOsm) was taken at the end of the acclimation period. Each sampling unit was treated with MS22 (1:5000) and thoroughly washed with distilled water during 1 minutes to remove solutes from the surface of the animals. These were subsequently transferred into small aluminium caps; the water was drained out and each unit was weighted (ww). After drying at 100 °C for at least 12 hours, the dry weight (dw) of each sample unit was measured (accuracy ± 0.01 mg). The water content, considered as a derived variable indicative of the hydric balance, was calculated from the wet and dry weights and expressed as mg H 2 O.mg -1 dw (wc) and as percentage of body mass (H) (Brown et al., 1986) . These two expressions are slightly different: wc is an absolute value that allows comparisons within a particular group, while H is a relative value that allows comparisons between different groups.
Statistical analysis
The transfer from 247 to 271 mOsm (between 96 and 120 hours) had a lethal effect on tadpoles and therefore the analysis was performed with data obtained until 96 hours after exposure (up to 247 mOsm). Each sampling unit was treated as a unique individual (Figure 1 ). Significant differences between treatments (control, electrolyte and non electrolyte) were determined for each wc and H after transfer to 204 mOsm NaCl (48-72 hours of exposure) and to 247 mOsm MAN (72-96 hours of exposure). Figure 3 shows the results of the canonical discriminant analysis for each solution, and a diagrammatic representation of results from multiple comparisons. In most cases, dw was the variable with the highest discriminant capacity (Table 2) . In APW controls, the integrated analysis of variables indicated a stable and uniform pattern over time. Larvae incubated in MAN solutions showed a tendency to differ with increasing osmolarity, especially towards the end of the assay. No significant differences were observed between 0 and 24 hours, indicating that larvae tolerated transfer from APW to 70 mOsm MAN, but there were significant differences among the other sampling times/osmolarities.
The integrated response of variables in tadpoles exposed to NaCl solutions showed a tendency of dispersion in the responses over time. The test of multiple comparisons shown significant differences between cero and 24 hours, suggesting that exposure to an electrolytic solution of 70 mOsm induced larval response; however, Table 2. tration of plasma ions, which in turn produces a remarkable increase in the plasma osmotic pressure (Schrock and Hanke 1979; Schrock et al, 1980) . Thus, it could be assumed that death in MAN and NaCl solutions above 200 mOsm might result from hypernatremia induced by different pathways according to the nature of the medium.
According to our results, under acute and graduated exposure Rhinella arenarum premetamorphic tadpoles may not be able to adapt to saline environments for long periods of time. However, tadpoles incubated in hypertonic media synthesise additional osmolytes, like urea, for osmotic adjustments. This notion is supported by the presence of arginase, which is a key enzyme of the urea cycle, in early embryonic stages of the same species (Rovedatti et al., 1995) ; this is observed even before enzyme activity is progressively activated at the end of the larval period. In addition, Castañé et al. (1997) demonstrated that arginase activity was selectively increased in embryos grown in hypoosmotic media, such as distilled water. All these events occur at advanced organogenetic stages during the embryonic-larval transition period, suggesting the presence of osmoregulatory mechanisms at early stages of amphibian development, even when the specific structures are not fully developed.
Tadpoles exposed to NaCl and MAN showed a higher decrease in wc as compared with the controls; this effect was more pronounced above 200 mOsm due to a higher increase in dw, particularly in the non-electrolyte medium. Our results indicate that variations in ww and dw and the relationship with each other may account for the relative stability of water content using wc as an index of the water balance. However, dw is the most influential variable contributing to different responses to osmotic stress. It should be emphasised that, at metamorphosis, body weight is the strongest factor determining the probability of survival and fitness of juveniles .
Although the increase in dw may result from the influx of mannitol, which possibly penetrates into the organism through a paracellular way (Fidelman and Watlington, 1987) , tadpoles exposed to MAN and to NaCl had similar dw values. The sodium content of larval tissues was found to be significantly higher in tadpoles exposed to 141 mOsm NaCl for 96 hours than in the APW controls, with the former showing hypernatremia probably due to passive uptake of electrolytes (Ferrari 1995) . A similar finding was reported by Gomez-Mestre et al. (2004) for Bufo calamita tadpoles at Gosner´s stage 25. On the other hand, the skin of tadpoles of the same species and age immersed for 24 hours in APW, distilled water and 141 mOsm MAN and NaCl were morphologically similar, as indicated by scanning electron microscopy (Ferrari and Salibián, 1999) .
The fact that tadpoles in 204 mOsm (at 72 hours) differed among all treatments with dw being the variable of highest discriminant capacity (see Figure 4) , would indicate that the response of the considered parameters to osmolarity is probably linked to the chemical comlarvae showed no significant differences between 70 and 141 mOsm, and behaved differently when exposed to 204 mOsm.
The CDA for each sampling time and the diagrammatic representation of the results of multiple comparisons are shown in Figure 4 . The best discriminant variables were ww for 70 mOsm, and dw for higher osmolarities (Table 3) .
The integrated behaviour of variables revealed that larvae exposed to NaCl 70 mOsm differed from the other two groups and that there were different responses of larvae exposed to concentrations above 204 mOsm between electrolyte or non-electrolyte solutions.
The multiple comparisons test used to analyse the responses of the variables suggested similarity between NaCl and MAN, which in turn differed from the controls in APW and a transition point at which the regulation of the water balance compromised the stability of dw. Statistically significant differences among the three solutions were found after transfer to 204 mOsm 72 hours later.
Discussion
In the experiments reported here involving graduated exposure of R. arenarum tadpoles to media of increasing osmolarity, animals could withstand an osmolarity as high as 200 mOsm; larval mortality was markedly increased 24 hours after transferring them from 204 to 247 mOsm, reaching 100% at 271 mOsm. When larvae at the same stage were acutely transferred from APW to 271 mOsm MAN or NaCl, the mortality rate was approximately 10 and 90% after 24 and 96 hours, respectively (Ferrari, 1998) . Therefore, we conclude that, independent of the two experimental conditions (graduated and acute exposure), the upper limit of osmotic tolerance is somewhere between 200 and 250 mOsm. This conclusion is in agreement with the fact that, when anuran tadpoles are exposed to increasing external osmotic stress at osmotic pressures higher than those of their extracellular media (up to 200 mOsm), they are no longer capable of sustaining an osmotic gradient (Burggren and Just, 1992) . However, in natural populations of R. arenarum, larval development takes place in environments with a large amount of electrolyte compounds and an osmotic pressure considerably lower than that limit. Thus, the capability of larvae to overcome relatively high osmolarities may reflect a "safety range" at the upper level of their osmotic tolerance range. In regard to the lower limit, it was shown that they are able to tolerate incubation in distilled water . In this context, Gómez-Mestre and Tejedo (2005) suggest that in amphibians there is a link between salinity tolerance during the aquatic phase and tolerance to drought during the terrestrial phase by means an exaptation process.
Tadpoles exposed to non-electrolyte solutions cannot replace lost ions from the exterior and lose water continuously. This may lead to an increase in the concen-position of the media. The integrated response of larvae exposed to osmolarities higher than 200 mOsm for short periods suggests a tendency to a progressive water imbalance until death due to the lack of compensatory mechanisms for maintaining the osmotic pressure of the extracellular fluids within the normal range. This observation is in agreement with the fact that the limit of the extracellular medium for larvae of terrestrial amphibians was set at approximately 200 mOsm (Balinsky, 1981; Burggren and Just, 1992) . Within this context it must be considered the possibility -not reported for R. arenarum tadpoles -that larvae exposed to media with osmolarity higher than 200 mOsm may drink external solutions as an "emergency response" to a stressful environment.
Our past Ferrari, 1997; Ferrari, 1998) and present results allow us to conclude that R. arenarum young tadpoles cannot withstand osmotic pressures greater than 200 mOsm regardless of the acclimation schedule. The results of this study indicated that among the factors evaluated, dw had the best discriminant capacity for water balance regulation in tadpoles. Since in this study the different treatments were performed simultaneously, using experimental animals of the same age and body weight, and under constant temperature, our results must be attributed to environmental osmotic stress.
